INTRODUCTION
Jadomycins belong to the angucycline group of polyketidederived antibiotics that are synthesized by type II polyketide synthases (PKS) (Olano et al., 2010; Rix et al., 2002) . The carbon skeletons of angucyclines are synthesized by stepwise Claisentype condensation of acyl-CoA precursors, which are further cyclized into the common angucycline ring structures by the corresponding cyclases and aromatases. The core ring structures are further modified by various tailoring enzymes such as oxidoreductases and group transferases to generate diverse final products (Zhan, 2009; Olano et al., 2010) . Normally, the core structures of angucyclines do not change in this so called post-PKS tailoring processes. However, a distinct group among angucyclines undergoes aromatic ring opening and rearrangement to form products with completely new core structures (Olano et al., 2010) . This group of products is designated atypical angucyclines, in which jadomycins belong Syvitski et al., 2006) . Atypical angucyclines also include gilvo-carcin Kharel et al., 2007) , ravidomycin, and chrysomycin (Kharel et al., 2010) , and kinamycin (Gould, 1997) . All members of this group are proposed to derive from a common intermediate UWM6 (1) through a complex series of post-PKS tailoring reactions, with a final decisive oxidative C-C bond cleavage reaction. Although the tailoring reactions of atypical angucyclines had been studied by several groups for many years (Kharel et al., 2012b , Chen et al., 2010 , the substrate of the oxidative C-C bond cleavage reaction and the corresponding enzyme(s) catalyzing the reaction are still not clearly defined.
Jadomycin B (2) and its aglycone jadomycin A (3) are synthesized by Streptomyces venezuelae ISP5230 under stress conditions (Doull et al., 1994) . They contain a unique pentacyclic benz [b]oxazolophenanthridine ring system that probably derives from an angucycline intermediate via an oxidative ring cleavage reaction (Figure 1 ). The product of oxidative ring cleavage reaction was proposed to be an aldehyde/acid intermediate (4) (Yang et al., 1996; Rix et al., 2004) , which probably reacts spontaneously with many natural and nonnatural amino acids to form the corresponding jadomycins Zheng et al., 2005; Borissow et al., 2007; Dupuis et al., 2011) . The jadomycin biosynthetic gene cluster had been cloned and analyzed; the functions of three oxygenase genes (jadFGH) in the middle of the gene cluster ( Figure S1 available online) were studied both in vivo and in vitro. JadF and JadH belong to a family of FADdependent oxygenases widely present in type II polyketide biosynthetic gene clusters. For JadG, one group of its homologs (with similar length as JadG) is only present in a few atypical angucycline biosynthetic gene clusters; another group of its homologs (with half-length as JadG), such as TcmH (Shen and Hutchinson, 1993) and ActVA-Orf6 (Kendrew et al., 1997) , are characterized as a very unique type of cofactor-free anthrone oxygenase. Previously, JadFGH were implicated in the ringopen reaction in jadomycin biosynthesis. Inactivation of these genes individually led to the accumulation of products with intact angucycline ring structure. Specifically, the jadF disruption mutant (Table 1) accumulated the angucycline antibiotic rabelomycin (5) (Yang et al., 1996) , which proved to be a shunt product of jadomycin biosynthesis probably formed by the spontaneous oxidation of UWM6. The disruption of jadH resulted in the accumulation of 2,3-dehydro-UWM6 (6, or prejadomycin), which was shown to be an intermediate of jadomycin biosynthesis . Several products were identified in the jadG disruption mutant (CH62), including L-digitoxosyl-dehydrorabelomycin (7), rabelomycin (5), and dehydrorabelomycin (8) . All these products still possess an intact B ring, thus indicating these three genes may be involved in B ring cleavage reaction. Heterologous expression of jadFGH in Streptomyces lividans TK24 proved that these genes are sufficient to convert 6 to 3 . In vitro biochemical characterization of JadH revealed it is a bifunctional hydroxylase/dehydrase, catalyzing C12-hydroxylation and 4a,12b-dehydration of 6 to produce the unstable immediate product CR1 (9), which is further converted to 8 spontaneously in aerobic conditions. Recently, we showed that 8 is an intermediate in jadomycin biosynthesis by in vivo conversion experiment using 8 as the substrate and CH56 as the host (CH56 is an in-frame deletion mutant of jadA that encodes the polyketide synthase, but the other genes of the jadomycin gene cluster are intact and normally expressed); the experiment revealed that 8 is the latest stable substrate of oxidative ring cleavage reaction (Chen et al., 2010) . More recently, enzymatic total synthesis of defucogilvocarcin M (10) was achieved that provided more insights in the mechanistic details of tailoring reactions in angucycline biosynthesis. The results suggest that JadF may act as the key bridge between PKS and post-PKS reactions (Pahari et al., 2012) , by recognizing an ACP-tethered substrate and catalyzing its 2,3-dehydration as well as the hydrolysis and decarboxylation of ACP-tethered substrate to release the first free intermediate 6. Their work also suggests JadG and its homolog in the gilvocarcin pathway, GilOII, are most likely responsible for the B ring cleavage reaction. GilOII in the presence of Escherichia coli Fre converted 8 to an unknown product; however, without any structural information on this product, the function of JadG and GilOII is still an open question.
Gilvocarcin is atypical angucycline produced by Streptomyces griseoflavus Gö 3592. It has a unique coumarin-based core structure that was shown to derive from 8 via oxidative rearrangement involving C-C bond cleavage of B ring. Homologous genes of jadFGH were found in the gilvocarcin gene cluster (gilOIV, gilOI, and gilOII, respectively) (Fischer et al., 2003) . Similar to the results obtained from the jadomycin pathway, Figure 1 . Updated Summary of the Post-PKS Tailoring Reactions for the Biosynthesis of Atypical Angucyclines: Jadomycins, Gilvocarcins, and Kinamycins disruption of each of these genes in the recombinant S. lividans TK24 expressing the gilvocarcin biosynthetic gene cluster resulted in the production of products with intact B ring . The gilOI or gilOIV disruption mutants could be complemented by jadH or jadF, respectively, indicating these homologous enzymes have similar functions. GilOII was shown to be the functional equivalent of JadG (Kharel et al., 2007) . The recent in vitro enzymatic synthesis revealed that GilOII, together with several other post-PKS tailoring enzymes in the gilvocarcin pathway, could convert 8 to 10, suggesting GilOII is a key enzyme in the oxidative C-C bond cleavage reaction (Pahari et al., 2012) .
Database search showed although homologs of JadF and JadH are present in almost all known angucycline biosynthetic gene clusters (Palmu et al., 2007) , JadG and GilOII homologs are found only in several atypical angucycline gene clusters, such as RavOII and ChryOII in the ravidomycin and chrysomycin clusters, respectively (Kharel et al., 2010) , and KinG and AlpJ in two kinamycin clusters (Gould, 1997; Pang et al., 2004; Bunet et al., 2011) . The results indicate that JadG and its homologs may play a critical role in the biosynthesis of atypical angucyclines. Ravidomycin and chrysomycin are similar to gilvocarcin in structure, and these compounds share a coumarin-based benzo [d] naphtho [1,2-b] pyran-6-one moiety (Kharel et al., 2010) . Kinamycins are unique in possessing a benzo[b]fluorene scaffold representing another type of post-PKS rearrangement of angucycline distinct from both jadomycin and gilvocarcin. The biosynthesis of kinamycin diverged from jadomycin and gilvocarcin after B ring cleavage (Gould, 1997) .
JadG and GilOII are homologous to anthrone oxygenases such as TcmH (Shen and Hutchinson, 1993) , ActVA-Orf6 (Kendrew et al., 1997) , ElmH (Rafanan et al., 2001) , and AknX (Chung et al., 2002) . These enzymes represent a unique type of cofactorfree monooxygenases catalyzing the oxidation of naphthacenone-and anthrone-type precursors to form corresponding quinone derivatives. TcmH, ActVA-Orf6, or AknX were active without any of the known prosthetic groups in monooxygenases, such as flavin, heme groups, or metal ions (Shen and Hutchinson, 1993; Kendrew et al., 1997; Sciara et al., 2003; Chung et al., 2002) . In the reaction catalyzed by these enzymes, the substrates were proposed to activate O 2 to form the semiquinone peroxide intermediates, and then generated the corresponding products resulting from the dehydration of the intermediates (Shen and Hutchinson, 1993; Sciara et al., 2003) . However, JadG and its homologs were deduced to catalyze totally different reactions involving C-C bond cleavage. Because none of JadG type enzymes has been characterized in vitro, nothing was known about the catalytic mechanism or cofactor requirements of JadG.
Here, we reconstituted JadG activity in vitro and partially characterized the JadG catalyzed reaction. From the results, we established that JadG is an FMNH 2 /FADH 2 -dependent oxygenase catalyzing the oxidative C-C bond cleavage reaction in jadomycin biosynthesis. We also characterized JadY as a flavin reductase supplying FMNH 2 or FADH 2 for JadG. The gene encoding JadY locates at the right end of jad gene cluster, and its expression maybe controlled by an oppositely oriented 
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JadG Catalyzes Oxidative C-C Bond Cleavage gene jadR*. So JadY may function to ensure another layer of control on jadomycin biosynthesis.
RESULTS AND DISCUSSION
Excluding Most Jadomycin Biosynthetic Genes from Involvement in the Oxidative Ring Cleavage Reaction and Identifying JadG as the C-C Bond Cleavage Enzyme Our previous study showed that coexpression of jadFGH in S. lividans TK24 was sufficient to support the oxidative ring cleavage reactions to convert 6 to 3 (Chen et al., 2005). To ascertain which enzyme is responsible for the ring cleavage reaction, we tested the bioconversion abilities of VS655, VS668, and CH62 (jadF, jadH, and jadG disruption mutants, respectively), using 8 as the substrate. High performance liquid chromatography (HPLC) analysis of the bioconversion mixture by VS655 and VS668 showed the decrease of 8 accompanied by the appearance of two new peaks corresponding to 2 and 3 ( Figure 2) . The two new peaks showed retention times and UV absorption patterns identical to standard 2 and 3. They were confirmed by LC-MS to be 2 and 3 via the detection of the parent ions ([M+H] + ) at 550 and 420, respectively, and by the detection of the unambiguous breakdown of the parent ions to the phenanthrovirdin ion (m/z 306.1). JadF and JadH were excluded as the enzymes responsible for the C-C bond cleavage reaction. In contrast, when 8 was incubated with the jadG disruption mutant CH62, no conversion of 8 was observed, and neither 2 nor 3 were observed ( Figure 2 ), which strongly suggest JadG is responsible for the oxidative ring cleavage reaction.
To verify the function of JadG in vivo, we constructed a mutant (WVR2006) in which most genes of the jad cluster were deleted (from jadW2 to jadV; see Figure S1 ). Compared to the parental strain ISP5230, WVR2006 was normal in growth and differentiation, but lost the ability to produce 2 and 3 or any other known intermediates ( Figure S1 ). Then we expressed JadG in WVR2006 with a strong constitutive promoter (SF14p) from Streptomyces ghanaensis phage I19 (Labes et al., 1997; Li et al., 2009) , and designated the recombinant strain as G2006. HPLC analysis of the bioconversion mixture by G2006 showed that 8 decreased, and a peak corresponding to 3 appeared (Figure 2) . The peak was verified to be 3 by LC-MS, UV absorption, and coinjection with standard 3. 3 was not detected when 8 was incubated with the control strain C2006, and no obvious decrease of 8 was observed ( Figure 2 ). This experiment demonstrated JadG is responsible for the ring cleavage reaction to convert 8 to 3 in this in vivo background, and excluded the involvement of most jadomycin biosynthetic genes.
Reconstitution and Verification of JadG Activity In Vitro N-terminal His 6 -tagged JadG was overexpressed in E. coli BL21(DE3) and purified by Ni-NTA agarose chromatography. Purified JadG was examined on 12% SDS-PAGE and migrated as a single band with a molecular mass consistent with the predicted size (27.94 kDa; see Figure S3 ). Purified JadG was nearly colorless and did not bound FMN or FAD by HPLC analysis of the released component after denaturation of JadG. However, when JadG was used to convert 8 using previously defined assay conditions, no activity was observed (data not shown). It suggests that certain unknown cofactors or proteins present in the in vivo background are required for JadG activity. So we tested many potential cofactors in our JadG enzymatic assays, including FAD and NAD(P)H, and some metal ions such as Fe 2+ , Cu 2+ , Mn 2+ , and Zn 2+ that are often used to activate molecular O 2 or to stabilize the reactive intermediates (Fetzner, 2002; Fetzner and Steiner, 2010) , but none of the tested cofactors restored JadG activity.
The recent in vitro work reported by Pahari et al. (2012) gave us the hint that the cofactor FADH 2 may be needed for JadG activity. By genome analysis, a putative NAD(P)H-dependent FMN reductase JadY was identified at the right end of jad gene cluster, and it may function to supply FMNH 2 or FADH 2 Figure S3 and Table S1. for JadG. To test this possibility, we overexpressed and purified N-terminal His 6 -tagged JadY ( Figure S3 ). Freshly purified JadY was slightly yellow, indicating the presence of a flavin prosthetic group, which is probably bound to JadY noncovalently and could be released by heat denaturation. HPLC analysis of the heattreated JadY revealed the presence of FMN.
Freshly purified JadY was used in the in vitro reaction with FMN+NADH, the reaction was monitored by recording absorbance at 450 and 340 nm (A 450 and A 340 ) ( Figure 3 ). The reaction was started by the injection of 33 ml NADH solution; at this time point, A 450 immediately dropped to a low level and stayed nearly constant for about 17.5 min, and then increased gradually. During the same period, A 340 decreased rapidly in a linear fashion within 17.5 min due to the consumption of NADH. At 17.5 min, presumably after NADH was completely consumed, A 450 started to increase, which may reflect the reoxidation of FMNH 2 to FMN by O 2 . These results clearly demonstrated that JadY could reduce FMN to FMNH 2 using NADH as electron donor. Similar phenomena were also observed when other cofactor combinations between FMN/FAD and NADH/NADPH with JadY were tested. The specific activities of JadY with different cofactor combinations were calculated using the consumption rate of NAD(P)H and listed in Table 2 . The highest specific activity was observed for the FMN+NADH combination, whereas the activity of FAD+NADPH was significantly lower than other combinations. Interestingly, the specific activity of Fre was much higher than JadY under the same conditions (19,477 and 11,270 U/mg protein for FMN+NADH and FAD+ NADH, respectively).
When JadY, FMN, and NADH were included in the enzymatic mixture containing JadG and 8, a product appeared and was verified to be 3. But JadY alone could not catalyze the reaction. We further tested the cofactor preference of JadG and JadY system with combinations between FAD/FMN and NADH/ NADPH. As shown in Figure 2 , combination FMN+NADH gave the highest yield of 3, followed by FMN+NADPH and FAD+ NADH, and the lowest yield was observed for FAD+NADPH. These results indicate both FMNH 2 and FADH 2 could be used by JadG as cofactors.
To test the promiscuity of the amino acid insertion step to reform B ring, we tested several different amino acids, such as threonine, homoserine, norleucine, and 2-aminobutanic acid in the JadG-catalyzed reaction. The corresponding jadomycin aglycones were examined by HPLC and compared with standards prepared from previously purified jadomycin derivatives and their acid hydrolysis products Fan et al., 2012) . The identities of these products were further validated by LC-MS (see Table S1 ). These results lent support to the hypothesis that the amino acid incorporation step occurs spontaneously.
To our knowledge, this is the first time a protein from S. venezuelae other than JadG is directly implicated in the C-C bond ring cleavage reaction. To ascertain whether JadY or its products (FMNH 2 or FADH 2 ) are the determining factor for JadG's activity, we used Fre to replace JadY in the same JadG assays. Fre is a well-characterized flavin reductase from E. coli (Spyrou et al., 1991) . It was used to provide FMNH 2 /FADH 2 for halogenases in halogenated organic compounds synthetic reactions and tailoring enzymes in antibiotic synthetic reactions Lin et al., 2007) , and Fre was recently shown to help GilOII to convert 8 into an unknown product (Pahari et al., 2012) . Fre was overexpressed and purified as described previously (Lin et al., 2007) . As shown in Figure 2 , JadG with Fre, FMN, and NADH could also catalyze the ring cleavage reaction to produce 3, whereas Fre alone with FMN and NADH did not show any activity for 8. Taken together, the above results demonstrate that the functions of flavin reductases are interreplaceable in JadG catalyzed reaction. Because Fre had no sequence similarity to JadY (5.1% identity), and these proteins belong to completely different structural types, our results suggest that protein interaction between JadG and JadY/Fre are not required for the JadG-catalyzed reaction. In conclusion, we have demonstrated with convincing evidence that JadG is the B ring opening oxygenase catalyzing the C-C bond cleavage reaction in jadomycin biosynthesis, and the required FMNH 2 or FADH 2 for JadG's activity could be supplied by flavin reductase such as JadY and Fre (see Figure 4 ). This represents the biochemically verified example of such type of enzyme. Despite JadG's homology to the cofactor-free TcmH, the former catalyzes a completely different reaction requiring FMNH 2 or FADH 2 as cofactors. One unit was defined as the amount of enzyme that catalyzes the conversion of 1 nmol NAD(P)H in 1 min under the assay conditions (50 mM MOPS, pH 7.5, 25 mM FMN/FAD, 165 mM NADH/NADPH, 30 C); U/mg protein.
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Previous enzymatic synthesis of 10 demonstrated that GilOII, together with GilM, GilMT, GilR, and Fre, could convert 8 to 10 (Pahari et al., 2012) . GilM and GilMT are O-methyltransferases probably responsible for O-methylation in gilvocarcin biosynthesis (Fischer et al., 2003; Pahari et al., 2012) , whereas GilR is similar to dehydrogenase probably involved in the final dehydrogenation step of gilvocarcin biosynthesis, as it was able to convert a hemiacetal intermediate into the central lactone moiety (Kharel et al., 2007; Noinaj et al., 2011) . It is highly unlikely that GilM, GilMT or GilR are responsible for the B ring opening step, this leaves only GilOII as the suspect for this function. In addition, GilOII in presence of Fre was able to convert 8 to an unknown product, which further imply that GilOII may be the enzyme catalyzing B ring opening. However, Pahari et al. (2012) pointed out that although they deduced that GilOII is the enzyme responsible for the C-C bondcleavage reaction, it remained ambiguous whether GilM, GilMT, or GilR are also involved in this cleavage reaction. Our in vitro reconstitution of JadG activity in the presence of two types of flavin reductases (Fre and JadY) now firmly established JadG as the enzyme catalyzing C-C bond cleavage in jadomycin synthesis. It is reasonable to suggest that GilOII is also the enzyme catalyzing the C-C bond cleavage reaction in the biosynthesis of gilvocarcin. Although JadG and GilOII are homologous to anthrone oxygenases like TcmH, our results indicate they had acquired different catalytic activity to perform a completely different type of reaction. To our knowledge, JadG represents a new type of FMNH 2 /FADH 2 -dependent oxygenases, which catalyze the C-C bond cleavage reaction in the biosynthesis of atypical angucyclines. Further detailed characterization of JadG catalyzed reaction will provide more mechanistic insights into the function of this type of oxygenases.
Based on these and recent results from Pahari et al. (2012) , we can now propose a more precise pathway for atypical angucycline biosynthesis. The roles of JadF, JadH and JadG have been clearly defined; a series of post-PKS tailoring reactions from the ACP-tethered intermediate to the last common intermediate and the responsible enzymes were firmly established (Figure 1) .
Characterization of JadY Function In Vivo
To gain a better understanding of the function of jadY, we constructed an in frame deletion mutant of jadY (designated YDM; Figure S2 ). YDM was cultivated in GM for 48 hr, and HPLC analysis of the metabolic products showed the production of 2 and 3 in YDM was about 40% and 45% relative to those in the parental strain, respectively ( Figure S2) . The significant attenuation of jadomycin production caused by the jadY mutation suggests that JadY is involved in jadomycin biosynthesis. The function of JadY may be partially complemented by other enzyme(s) with similar function in S. venezuelae. This prediction is supported by genome analysis, as two additional JadY homologs (SVEN_0213 and SVEN_2266) were identified in S. venezuelae genome. It is important to note that, even if JadY homologs were absent, other enzymes with similar functions will still functionally substitute for JadY.
JadY homologs were found in most atypical angucycline biosynthetic gene clusters. It showed highest sequence similarity to GilH (66% identity) from the gilvocarcin gene cluster, lower similarities to RavH (49% identity) and ChryH (44% identity) from the ravidomycin and chrysomycin gene clusters, respectively. The function of GilH had been studied before; disruption of GilH in the recombinant strain of S. lividans TK24 containing the gilvocarcin biosynthetic gene cluster had little effects on gilvocarcin production levels (Liu et al., 2009) . JadY homologs were also found in the gene clusters of several typical angucyclines, for example, UrdO (42% identity) from the urdamycin gene cluster, LanO (38% identity), LanZ4 (34% identity), and LndZ4 (34% identity) from the landomycin gene clusters. LanZ4 and LndZ4 were partially characterized as the enzymes providing FMNH 2 for LanZ5 and LndZ5, respectively, which catalyze C-11 hydroxylation of landomycin (Ostash et al., 2004; Kharel et al., 2012a) . JadY homologs were also found in the genomes of many other streptomycetes, for example, those of S. lividans TK24, Streptomyces coelicolor, and Streptomyces clavuligerus ATCC 27064. The wide distribution of JadY homologs in Streptomyces genomes suggests they play a general role as FMNH 2 or FADH 2 suppliers.
Previously, reduced flavins were shown to be required by two types of enzymes, the so-called two-component monooxygenase systems and the flavin-dependent halogenases. The former consists of a flavin reductase and a monooxygenase. Several two-component monooxygenase systems had been investigated, including bacterial luciferases (Hastings and Gibson, 1963; Baldwin et al., 1995; Tu, 2008) , p-hydroxyphenylacetate hydroxylase (Arunachalam et al., 1992; Prieto and Garcia, 1994; Chaiyen et al., 2001) , actinorhodin monooxygenase (ActVB/ActVA-Orf5) (Kendrew et al., 1995; Filisetti et al., 2003; Valton et al., 2008) , etc. In such systems, the reduced flavin supplied by the reductase is first transferred to the monooxygenase, then it reacts with molecular oxygen to form a C4a-(hydro) peroxyflavin intermediate. The highly reactive intermediate then oxygenates the substrate (Xun and Sandvik, 2000; Kirchner et al., 2003; van Berkel et al., 2006; Ellis, 2010) .
Flavin-dependent halogenases is another type of enzyme requiring reduced flavin for activity. The proposed mechanism is similar to that of the two-component monooxygenases in which a C4a-(hydro)peroxyflavin intermediate is proposed Dong et al., 2005; van Pé e and Patallo, 2006; Lin et al., 2007) . As one of the best studied flavin-dependent halogenases, tryptophan 7-halogenase catalyzes the chlorination or bromination of tryptophan, and can use chemically prepared FADH 2 or that provided by a flavin reductase, suggesting that direct interaction between the halogenase and the flavin reductase is not absolutely necessary van Pé e and Patallo, 2006) .
SIGNIFICANCE
The oxidative cleavage of ring B is a key step in the biosynthesis of atypical angucyclines (Figure 4 ). In this work, the enzyme catalyzing this reaction is firmly identified. JadG requires FMNH 2 or FADH 2 as cofactors and catalyzes the C-C bond cleavage reaction of angucycline substrate dehydrorabelomycin (8). JadY was identified as the flavin reductase providing FMNH 2 or FADH 2 for JadG, so JadY homologs in other atypical angucycline gene clusters may also execute similar functions in their respective pathways. Thus, we can now unambiguously assign the functions of the three oxygenases JadF, JadH, and JadG in a cascade of oxygenation reactions originally referred as a biosynthetic black box. Our study answered a long standing question regarding the biosynthesis of atypical angucyclines.
EXPERIMENTAL PROCEDURES
Materials, Culture Conditions, and DNA Manipulations S. venezuelae ISP5230 and the mutants, VS655 (DjadF), VS668 (DjadH), and CH62 (DjadG) have been described previously (Yang et al., 1996; Rix et al., 2005; Chen et al., 2005) . They were grown in MYME medium (Yang et al., 1995) at 28 C for 36 hr for DNA extraction. Genomic DNA was isolated as described previously (Kieser et al., 2000) . E. coli strains DH5a, BL21(DE3), and ET12567(pUZ8002) were grown in LB broth (Sambrook and Russell, 2001) . Restriction enzymes, T4 DNA ligase, and KOD DNA polymerase were purchased from Takara (Shiga, Japan). FAD, FMN, NADH, and NADPH were purchased from Sigma-Aldrich. DNA manipulations, competent cells preparation, and transformation were performed as described previously (Sambrook and Russell, 2001) .
Construction of a S. venezuelae Mutant by Deleting a 25.7 kb Fragment Containing the Jadomycin Biosynthetic Gene Cluster A 1.12 kb DNA fragment encompassing jadW1 and jadW2 was obtained by digesting of plasmid pHJLE (Zheng et al., 2007) with HindIII and KpnI. A 1.4 kb DNA fragment encompassing jadV was amplified by PCR with primers JV-F (5 0 -CAGTGGTACCGTTCACCGGCTCCGTCTC-3 0 , KpnI) and JV-R (5 0 -GCTTGAATTCGGTGCTCCCTCTGCTTCG-3 0 , EcoRI). After digestion with appropriate enzymes, the two fragments were inserted into HindIII/EcoRIdigested pKC1139 to generate pKCWVR, which was verified by restriction digestion and DNA sequencing. pKCWVR was transformed into E. coli ET12567(pUZ8002) and was then transconjugated into S. venezuelae DTAP (a S. venezuelae ISP5230 mutant with an insertion of kanamycin resistance gene between jadD and jadE; J.Z., unpublished data). Apramycin and kanamycin sensitive double crossover mutants were isolated. The mutant, designated WVR2006, was confirmed by PCR with three pairs of primers ( Figure S1 ).
Expression of JadG in WVR2006
A fragment containing jadG with a putative ribosome binding site was amplified by PCR using chromosomal DNA of S. venezuelae as template and primers JadG-F (5 0 -CGGGATCCACCTCTGAACCCCGACGAAGG-3 0 , BamHI) and JadG-R (5 0 -GGGGTACCTGGTGGTCACGGCGCCTACT-3 0 , KpnI). The resulting 724 bp fragment was cloned into expression vector pSRE ) to obtain pSETG-ermEp*. Another strong constitutive promoter from the S. ghanaensis phage I19, designated SF14p (Labes et al., 1997) , was also used in the expression of jadG. SF14p was synthesized as an oligonucleotide (GCTCTAGAGCCTTGACCTTGATGAGGCGGCGTGAGC TACAATCAATACTCGATTAGGGATCCCG, XbaI and BamHI). The XbaI/ BamHI-digested fragment of SF14p was inserted into pSETG-ermEp* to create pSETG-SF14p, in which jadG was positioned downstream of SF14p. Kanamycin resistance gene neo was used as reporter gene to indicate the expression of jadG. The ORF of neo with a putative ribosome binding site was amplified with primers neo-F (5 0 -GGGGTACCTAAGTAGCTGACAAGA GACAGG-3 0 , KpnI) and neo-R (5 0 -GGAATTCCGAACCCCAGAGTCCC-3 0 , EcoRI), by using pSRE as template. The resulting 867 bp fragment was cloned into KpnI/EcoRI-digested pSETG-SF14p to generate pSETG, in which neo was positioned downstream of the jadG. A fragment of jadG was deleted from pSETG to obtain pSETC, which was used as negative control for monitoring jadG expression. Introduction of pSETG and pSETC into WVR2006, respectively by standard procedures, gave the transformants G2006 and C2006.
Construction of the JadY In Frame Deletion Mutant
To construct a jadY disruption vector, two DNA fragments were amplified by PCR from chromosomal DNA of S. venezuelae. A 1,459 bp upstream fragment was amplified using primers jadY5-F (5 0 -CCCAAGCTTCGGGGCGTCTAC GACGGTACG-3 0 , HindIII) and jadY5-R (5 0 -GCTCTAGAGGACGGTGCTGCC GATGATGAC-3 0 , XbaI). A 1,460 bp downstream fragment was amplified using primers jadY3-F (5 0 -GCTCTAGACCCACGCTCTTCAAGATGTTCGA-3 0 , XbaI) and jadY3-R (5 0 -GGAATTCGATGTGGAAGTTGTGCGGGATGA-3 0 , EcoRI). After digestion with appropriate enzymes, the two fragments were inserted into HindIII/EcoRI-digested pKC1139 to generate pKCJY, which was verified by restriction digests and DNA sequencing. pKCJY was transformed into E. coli ET12567(pUZ8002) and then introduced into S. venezuelae by transconjugation. Apramycin-sensitive mutants were obtained after several rounds of selection. The double-crossover mutants were verified by PCR ( Figure S2 ), the mutant was designated YDM.
Expression and Purification of JadG and JadY in E. coli JadG was amplified with primers JadG-5 (5 0 -ACCGAGACATATGCCTCTG ATCAACCCCG-3 0 , NdeI) and JadG-3 (5 0 -GGAATTCACTCCGCCGAGCGC GAG-3 0 , EcoRI) from the genomic DNA of S. venezuelae and cloned into NdeI and EcoRI sites of pET-28a(+) (Novagen). This allowed JadG expression with an N-terminal His 6 -tag. The resulting plasmid pET28a-JadG was verified by sequencing and transformed to E. coli BL21(DE3). The recombination strain was cultured in LB with 50 mg/ml kanamycin at 37 C. Protein expression was induced by adding isopropyl-b-D-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM when the OD 600 of the culture reached 0.6. After induction, the cultures were incubated at 16 C for another 10 hr. Cells were collected by centrifugation (4,000 3 g, 15 min) at 4 C. The pellets were resuspended in ice cold 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH 7.5) and the cells were disrupted using a French Press (Thermo Electron) to obtain the cell extract. Cell debris was removed by centrifugation (14,000 3 g, 15 min) and the supernatant was applied onto the prewashed His,Bind column (Novagen). Purification of JadG was carried out under the conditions recommended by the manufacturer (Novagen). The purified protein was desalted and concentrated by centrifugation (4,000 3 g, 30 min) in 10 kDa ultrafiltration tubes (Centriplus YM series, Millipore). Protein concentration was quantified by Bradford method (Bradford, 1976) .
A 639 bp fragment containing jadY was amplified from genomic DNA using primers JadY-F (5 0 -GTGGGTACCATGACCCGGATCGCCGTCATCATCG-3 0 , KpnI) and JadY-R (5 0 -CGGAATTCAACCGGCCGGTCAGACGGCCGC-3 0 , EcoRI). Then the fragment was digested with KpnI and EcoRI, and cloned into the identically digested pET-30a(+) (Novagen) to obtain pET30a-JadY, which was then transformed into E. coli BL21(DE3). The expression and purification of N-terminal His 6 -tagged JadY were performed under the same conditions as those used for JadG.
Preparation of Substrates for Bioconversion Assays
Because only low amount of 8 could be isolated from CH62, it was prepared by bioconversion with E. coli BL21 expressing N-terminal His 6 -tagged JadH (Chen et al., 2010) . A crude extract of VS668 products (containing 6) was used as substrate. Expression of JadH was induced by IPTG as described previously, and the resulting E. coli cells were incubated with the crude extract of VS668 for 4 hr at 30 C. The reaction culture was acidified to pH 3.0 and extracted with ethyl acetate. Using a Waters System containing a 1525 pump and a 2487 dual l UV detector, 8 was purified by HPLC on an YMC Pro C18 reverse phase semipreparative column (5 mm, 10 3 250 mm; YMC, Japan). The elution solvents were water with 0.1% trifluoroacetic acid (solvent A) and acetonitrile with 0.1% trifluoroacetic acid (solvent B). A 15-min linear gradient from 40% to 100% solvent B was used. Absorbance at 266 and 313 nm were monitored. The eluate containing 8 was lyophilized and used in bioconversion or enzymatic assays.
In Vivo Bioconversion Assays GM medium was prepared as described previously . Spores of VS655, VS668, and CH62 were first inoculated into MYM (Doull et al., 1994) and incubated at 220 rpm, 28 C for 20 hr to prepare seed cultures. The seed culture was used to inoculate 100 ml GM (4% v/v) and immediately treated with ethanol at 4% v/v. After incubation at 28 C for 48 hr, the cell pellets (20 ml cultures) were collected and washed twice with GM (20 ml), and then resuspended in GM medium (5 ml). Compounds 8 (5 ml solution in DMSO) were added to the cell suspension (1 ml) and incubated at 28 C and 220 rpm for 2 hr. The bioconversion mixtures were then acidified to pH 3.0 and extracted with ethyl acetate (2 ml). The extracts were dried in vacuo, then dissolved in 100 ml ethanol and analyzed by HPLC and LC-MS.
G2006 and C2006 were handled in the same way as VS655 except that they were grown without ethanol shock. After incubation at 28 C for 48 hr, 8 (50 ml solution in DMSO) were added into the culture, and the mixture was incubated for another 6 hr. The mixtures were then acidified to pH 3.0 and extracted with ethyl acetate (100 ml, twice). Finally, these extracts were evaporated in vacuo, then dissolved in 100 ml ethanol and analyzed by HPLC and LC-MS.
In Vitro Enzymatic Assay of JadG and JadY Reaction mixtures (9 ml) consist of MOPS buffer (50 mM, pH 7.5), L-isoleucine (30 mM), FAD or FMN (1.1 mM), NADH or NADPH (166.7 mM), 8 (12.2 mM), and freshly purified enzymes. The final concentrations of enzymes, if added, were JadG: 0.27 mM, JadY: 0.90 mM, and Fre: 0.45 mM. The reaction mixtures were incubated with gentle shaking at 30 C for 20 hr. Reactions were terminated with 2 M HCl (400 ml) and then extracted with ethyl acetate (10 ml). Finally, these extracts were dried in vacuo, and the residues were dissolved in 20 ml ethanol and analyzed by HPLC.
JadY Activity Assay
All assays were performed with a Synergy H4 Hybrid Microplate Reader (BioTek, Winooski, VT). The reaction mixture (210 ml) contained 50 mM MOPS, pH 7.5, 25 mM FMN or FAD, and 41.8 mM JadY. The reaction was triggered by injection of 33 ml 1 mM NADH or NADPH solution (final concentration 165 mM) and performed at 30 C. Absorbance at 340 and 450 nm were recorded continually in 20 min. The specific activities of JadY for different cofactor combinations were calculated by least square linear fit using absorbance at 340 nm between 1 to 4 min after the injection of NAD(P)H.
Determination of the JadY Flavin Cofactor
Fresh purified JadY and JadG were denatured by heat or methanol (final concentration: 50% v/v) and were analyzed by HPLC as described by Lin et al. (2007) .
Analytical and Spectroscopic Procedures
Jadomycins A, B, and 8 were analyzed on a Shimadzu Prominence HPLC system using an Agilent SB-C18 reverse phase column (5 mm, 4.6 3 250 mm). The elution solvents were water with 0.1% trifluoroacetic acid (solvent A) and acetonitrile with 0.1% trifluoroacetic acid (solvent B). A 20-min linear gradient from 50% to 100% solvent B was used. Absorbance at 266 and 313 nm were monitored. For LC-MS analysis, an Agilent 1100 HPLC system with Finnigan LCQ DecaXP ion trap mass spectrometer (Thermo Finnigan) was used.
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